Introduction
... . .
coppice-shoots into an intensive economic Coppice management of forest stands is an old activity; willow was the main species (Makkbpractice which dates back to the Greeks and nen, 1975) . Romans who used it for wickerwork. The
This type of forest management underwent Romans developed short-rotation forestry based various developments throughout history, on the trees' capacity for reproducing through and was especially used when wood was the main source of both industrial and domestic energy.
Recent developments occurred during the 1970s after the oil crisis. Short and sometimes very short rotation coppice stands were set up to produce wood for industry, especially pulpwood (Herrick and Brown, 1967; USDA, 1980; AFOCEL, 1982) . The main advantages of coppicing are that it produces homogeneous material, and that planning is easy as in all industrial crops. These stands have not yet been put to industrial use in France. The present European agricultural policy offers new possibilities for expanding these stands because (1) large areas withdrawn from agriculture could be planted, (2) afforested lands do not count as cultivated areas in quotas and, (3) the national deficit in pulpwood is high.
Contrary to what is widely believed, coppice stands will only grow well on soils that are satisfactorily fertile even if rotation lengths are medium or long. Nutrient exports from the sites are high for several reasons: genetically improved broadleaved species are used, harvesting occurs at a juvenile stage, whole trees are often harvested, soil disturbance is frequent (Korsmo, 1983) . Of course the difference between extensively and intensively managed stands is great, but depletion of soil nutrients is always relatively high in coppice systems compared with high forests (Ranger and Bonneau, 1986) .
Measurements have been recorded for 15 years on 19 stands of both extensively and intensively managed coppices. The aim was to evaluate with reasonable accuracy the stands' nutrient contents and the potential export from the sites during harvesting, according to different silvicultural scenarios.
This study sums up the results by trying to answer the following questions:
1 What quantities of nutrients are exported as a function of harvesting intensity over a wide spectrum of production intensities? 2 Are there any simple relationships between biomass production and nutrient contents in the main stand components, that could be used to predict the nutrient drain from the site? 3 What relationships are there between biomass production, nutrient immobilization and parameters controlling soil fertility?
Materials and methods
Detailed characteristics of the sites studied have already been published in Bouchon et al., (1985) for the extensive coppice stands of mixed broadleaved species from the Ardennes, Ranger et al., (1990 a, b) , for the extensive coppice stands of Chestnut from Poitou, Ranger et al., ( , 1988 and Duval and Le Lidec (1993) for the intensive coppice stands of poplars from various sites in the centre and east of France.
The stands
Nineteen coppice stands, most of them monospecific, have been studied since 1981. This includes 12 extensively managed stands where rotation length is longer than 20 years (except for two chestnut stands in Melle), native species are used without genetic improvement and the stands are not fertilized, and seven intensively managed stands where rotation length is shorter than 10 years-typically 7 years. Genetically improved poplar clones are used and the stands are systematically fertilized.
The main characteristics of the sites and stands are presented in Table 1 .
Biomass and nutrient content of the stands
A special method was adopted to evaluate the biomass and mineral content of forest stands accurately (Ranger, 1978; Bouchon et al., 1985; 1990a) . It can be summarized as follows:
1 The inventory of the stand was carried out in a minimum of three 0.05 to 0.2 ha plots, according to stand density and age. 2 A total of 10 to 20 trees per stand covering all girth classes defined during the inventory were selected. 3 These samples were cut down, and separated into their major components: leaves, branches, three stem classes (a) to top diameter of 7 cm, (b) from a bottom diameter of 7 cm to a top diameter of 4 cm, and (c) the 
So/7 characteristics
Soils were studied on each site from samples taken in five pits distributed evenly over the stand area. They were analysed using the methods described in Bonneau and Souchier (1977) . Methods included the international method for soil particle size distribution, the Anne method for total organic carbon, the Kjeldahl method for total nitrogen, the method taken from Rouiller et al., 1980 for cation exchange capacity and exchangeable cation determination, the method from Duchaufour and Bonneau (1959) for determining phosphorus in acid soils and Only the mean weighted data for the top 45 cm of soil, which is the main part of the rooting zone, are presented here (Table 3) .
Soil varied widely, from the very acidic soils of the Ardennes stands to the base saturated soils of the majority of the poplar stands. The extensively managed stands were situated on acid soils and the intensively managed coppices on base saturated soils. 
Results and discussion

Biomass and nutrient content of stands
Short rotation poplars produced significantly more biomass than extensively managed species whatever the tree component considered (Table  4 ). The extensively managed chestnut production reached 7.51 ha" 1 a" 1 of dry matter, approximately 15 m 3 , in the Melle stand. This biomass production was just over half of the most productive poplar coppices.
Poplar stands clearly had significantly higher nutrient contents, whatever element was considered, than any other species. It is noteworthy that chestnut and mixed broadleaved stands differed significantly. Biomass production was twice as high in the chestnut, in all the components considered except for TD>7 cm, which nevertheless showed the same tendency.
Harvesting the woody biomass of whole trees rather than the TD>7 cm component increased the amount of dry matter collected by 55 per cent in extensively managed stands and by 70 per cent in the intensively managed ones. The relative increase of nutrient export was dramatically higher than that of biomass, typically twice as high (Table 5) .
Comparison of the mean weighted concentrations between species according to woody components
Results are presented in Table 6 . In accordance with the previous observations, for all species, the mean weighted concentration increased slightly from TD>7 cm to the total stem biomass component. The greatest change occurred when passing from total stem to total aerial woody biomass, including branches, which had a much higher concentration of all nutrients than the stems.
There was no significant difference in any components between the N content of fast growing poplars and the slow growing mixed Table 6 : Comparison of the mean weighted concentrations (and standard deviations) for the different silvicultural scenarios and for the different species (data in g per 100 g of dry matter). Values followed by different letters differ significantly at the 5% probability level broadleaves from extensively managed coppices. Generally, chestnut stands had the lowest concentrations. P and Ca were highest in poplars: the other species did not significantly differ from each other. K concentrations differed significantly between the three species with a gradient chestnuts < mixed broadleaves < poplars. For Mg, the absolute value of concentrations differed little between species, even though mixed broadleaved trees had significantly the lower concentrations.
Comparison between the nutrient efficiency of the different species
Nutrient efficiency for biomass production corresponds to the quantity of dry matter produced per kilogram of nutrient immobilized in a particular component (Table 7) . As a general pattern, poplar was the least efficient or among the least efficient species in the group studied.
For P and K, poplar was the least efficient and chestnut was the best with a difference of six orders of magnitude for P and three for K; Differences between the other species were small and not significant. For Mg, poplar was in the least efficient group of species but it did not differ significantly from chestnut; the slow-growing mixed broadleaved stands were the most efficient. For N, the statistical significances were quite similar to those for Mg. Nevertheless, differences between species were more limited. Chestnut was always the most efficient, mixed broadleaved stands were the least efficient although there was no significant difference between them and poplars. The least and the most productive stands showed the same apparent efficiency index for N; the most obvious hypothesis is that N was not limiting in these stands and N concentrations depended on whether production was limited by another nutrient. Efficiency decreased when comparing TD> 7 cm with the total aerial woody biomass. This was easy to predict from the respective concentrations of the components. Efficiency was not correlated with stand production: very highly productive poplar stands were generally the least efficient but the least productive stands were sometimes inefficient too (for N, P and K especially). It was not possible to conclude from the very limited sample whether the apparent efficiency of mixed broadleaved species was the result of the deficiency or limited availability of soil nutrients.
The sample of chestnut stands was distributed on a wide variety of soil types (except calcareous soils because of the calcifuge status of this species). Poplar production is only satisfactory on mesotrophic or eutrophic soils.
Relationships between biomass production and nutrient immobilization
Figures were compiled for all four components: TD>7 cm, TD>4 cm total stem and total woody biomass (Figure la-d.) .
In general, relationships between biomass and nutrient content were statistically significant even if the sample size was limited. Results showed that a single relationship was seldom applicable to both. The relationship between biomass and nutrient content of a component is of a simple linear form. The slope represents a nutrient content: dry matter ratio, which is equivalent to a concentration, or the reverse of an efficiency. It represents the quantity of nutrients necessary to produce one unit of dry matter. Scatter diagrams would reveal the variability of the efficiency index across various stands rather than the mean efficiency described above.
Concerning TD>7 cm, extensively managed stands were more efficient than intensively managed ones with respect to N, P, K and to a lesser extent to Ca. For Mg, it should be possible to treat the two groups of coppices together. Ca was an exception because the slopes of the curves were relatively similar but the intercepts were very different; for the same production, poplars immobilized much more Ca than extensive coppices did. It appeared that the physiological behaviour of extensive and intensive stands with respect to Ca were similar but worked at different intensities. Because short rotation coppices included in this study grew on Ca saturated soils, it is also possible that the Ca concentration of poplars resulted from luxury consumption.
Figures for the other components were generally very similar to that for TD>7 cm with the following differences: 1 In general, the slope of the regression increased for all elements when the small biomass components were progressively included i.e. TD>7 cm>TD>4 cm > total stem > total aerial woody biomass. This again illustrates how including the smaller components decreases the efficiency index. 2 The Ca model had to be split in two for short rotation coppices. Because all the soils were Ca saturated this was probably due to a clone effect. The population then became too small to calculate any independent equation. 3 The Mg model of the TD>7 cm was practically identical for the two groups of coppices, however, the two groups became different for the TD>4 cm. Slopes remained similar but the intercepts differed greatly. As in the case of Ca for TD>7 cm, some luxury consumption probably occured.
The relatively nutrient-inefficient, highly productive short rotaton coppice stands immobilized far more nutrients than the extensively managed coppices.
Relationships between biomass production, nutrient content and soil fertility
Soil parameters considered were the mean weighted values of soil characteristics down to 45 cm. Relationships that apply for both groups of coppices would be the most interesting. Examination of the correlation matrix between soil and stand variables from the whole set of data, both qualitative (concentrations) and quantitative (biomass or nutrient content), very often showed satisfactorily significant relationships. Unfortunately, their graphical representation often indicated that these relationships resulted from two disconnected populations and were thus not suitable either for giving information about the intermediate situations or about the two populations themselves. The population corresponding to stands with production ranging from 8 to 12 t of dry matter ha" 1 a" 1 were too under represented to allow calculation of predictive equations common to the two groups. This range of production would be found in coppice stands on soils with pHs varying from 5 to 7. In order to produce a relationship, sampling must be intensified on these sites. Unfortunately, they were the most difficult to find: short rotation coppices were generally located on base-saturated soils and the remaining extensively treated coppices were usually located on poor soils. Nevertheless, some particular situations showed that reliable relationships could be drawn from the whole set of drama.
Due to the existing sample structure, relationships between soil and biomass or nutrient content were studied independently for the extensively and the intensively managed stands.
However, even if these relationships are statistically significant they will only give tendencies. They must be validated on larger and independent samples of stands to obtain predictive models.
The extensively managed coppices
Qualitative aspects Mean concentrations of nutrients, whatever the tree component considered, were related to soil characteristics (Table  8) . By integrating parameters like soil pH, particle size distribution, organic matter content, exchangeable Ca and Mg on the absorbing complex, we were able to explain some of the observed variability:
1 Relationships between biomass nutrient concentrations and base saturation or soil pH were typically negative. The higher the soil fertility, the lower the mean weighted nutrient concentrations in the biomass. The most obvious explanation is that a dilution effect occurred when biomass increased with soil fertility. 2 The negative relationship between biomass concentration and the soil's sand content was probably related to the fact that the higher the sand content of the soil, the lower the soil fertility tended to be and the lower and nutrient concentration in the biomass. The tendency contrasts somewhat to the previous one. 3 The positive relationship between the nutrient concentration in stands and soil organic matter content is in agreement with the relationship with soil pH and base saturation. In this sample of stands, the higher the soil organic matter content, the lower the soil fertility. Organic matter tended to accumulate in the more acidic soils.
Quantitative aspects The relationships between stand biomass production or stand nutrient content and soil characteristics were studied for the various components (TD>7 cm, TD>4 cm, total stem and total aerial ligneous biomass) from the linear correlations between variables. The results showed that significant relationships existed between these variables (data not shown). As described above for the nutrient concentrations, the most integrative parameters of soil fertility (organic matter content, soil pH and base cation saturation) gave the best results. These significant relationships make it possible to try to develop a simple stepwise regression model for calculating biomass production and nutrient immobilization of the stands from some representative soil parameters.
Results shown in Table 9 indicate that statistical models using as few as two or three explanatory variables are adequate.
The intensively managed coppices
Qualitative aspects Relationships between the mean concentration of nutrients in the various biomass components of intensively managed coppice and some soils characteristics were also statistically significant (Table 10) .
1 A positive correlation between soil organic matter and mean concentration of nutrients in the biomass was observed. This relationship is unusual but can be understood when a limited sample of stands are located on alluvial soils, where water availability is not an issue. A reverse relationship was obtained for the extensively managed stands where the increase of organic matter indicated a decrease in the mineralization rate due to soil acidity. 2 The positive correlation between soil pH or base cation saturation and the mean concentrations of N, P, K and Ca in the biomass is as expected. The negative correlation with Mg could be explained by a limited availability of this element in the calcareous soils of the sample, or, possibly, by a dilution effect as biomass production increased.
Quantitative aspects Significant correlations were observed between soil characteristics and biomass production or nutrient content of (Table 11) . Models explaining biomass and nutrient content from soil characteristics are not presented in the case of intensively managed stands. These will be investigated when a larger sample of stands is available.
Conclusion
In general, relationships between biomass production and nutrient content of the coppice stands investigated were statistically significant. These relationships already make it possible to establish statistical models or tables which simply give the nutrient content of a coppice stand from biomass production data. These tables will be very useful to forest managers for evaluating the nutrient losses associated with forest harvesting, according to the intensity of harvesting, i.e. stem only vs. whole tree harvesting, and more generally according to the silvicultural scenarios.
Significant relationships between soil characteristics and biomass production or nutrient content of the stands were observed. It was then •= r value n = 7; rl% = 0.81; r5% = 0.71 Dashes = value not significant TD>7 cm = Top diameter of 7 cm TD>4 cm = Top diameter of 4 cm possible to calculate simple statistical models, by the stepwise regression method, for predicting the production and nutrient immobilization of a stand according to soil fertility parameters. This was done separately for extensively and intensively managed stands. The impact of the intensification of forest management on soil nutrient depletion is clearly shown from these results. Introduction of genetically improved fast growing and highly productive species, decreases in the rotation lengths and harvesting a larger part of the biomass all increase losses of nutrients from the sites. The continued productivity of these intensively managed stands can only be achieved by systematic replacement of nutrients by fertilization. These conclusions are in agreement with previous literature such as Switzer and Nelson, (1973) ; Hansen and Baker, (1979) ; Raison and Crane, (1986) ; Ranger and Bonneau, (1986) .
Full budgets of nutrient depletion linked to silvicultural practices must include leaching losses in drainage water during the rotation and during the harvest and the establishment phases of the stands, in addition to exports accompanying the harvest. As an example, losses from drainage below the rooting zone, determined over a whole coppice rotation in the Ardennes represented 66, 4, 43, 92 and 248 per cent of the N, P, K, Ca and Mg exported with the harvested biomass. On this site, losses of nutrients during clearfelling were not significantly higher than the current losses by drainage during the rotation . It appeared from this example that, except for P, which was strongly adsorbed to the soil's solid phase, losses in drainage water were of the same magnitude as those during the harvest of biomass. The same observation was made by Dambrine et al. (1993) in a spruce ecosystem. All these losses had to be considered for budget calculations. Part of the losses are compensated for by the input of nutrients from the weathering of soil reserves and by the nutrients brought into ecosystems from the atmosphere. These inputs have a positive effect provided they do not exceed critical load of an element (Dambrine et al, 1993) .
The results of this study are sufficiently simple and accurate to be incorporated as they are into forest management models. It is nevertheless necessary to continue collecting data to establish really predictive models. This is particularly true for intensively managed stands for which the present information is too incomplete.
